ABSTRACT As parallel inverters connected to the weak grid, the interactions between the inverters and the grid are the potential threat to the system stability. The traditional grid-side inductance current feedback control method with notch filter can suppress the high-frequency oscillation. However, it will lead to stability reduction and even instability. Therefore, a stability enhancement method by the improved notch filter is proposed for parallel grid-connected inverters. This method can effectively restrain parallel inverters' harmonic current into the grid, and accordingly avoid the high-frequency oscillation of impedance network. Furthermore, it improves the phase margin of the system, and thus ensures the sufficient stability of the system in the weak grid. Considering the notch depth and dynamic performance of improved notch filter, the appropriate control parameters are selected. Finally, experimental results verify the validity of the proposed control method.
I. INTRODUCTION
Renewable energy generations are continuously increasing due to their convenience and flexibility for access to the grid [1] , [2] , which include small-scale distributed generations and medium to large-scale power plants. The former case is to promote the development of renewable energies by optimizing the utilization of decentralized renewable energies [3] . The latter case becomes an important trend of renewable energy industry for high efficiency and centralized management [4] . Due to the scattered location of renewable energy generations, long transmission lines are used to connect the system to the public grid [5] , [6] . Therefore, the public grid shows the characteristics of weak grid in which the grid impedance cannot be neglected [7] , [8] .
Especially, renewable energies are mostly connected to the grid by parallel inverters [9] , [10] . In this way, the distributed generations and power plants can easily increase the output power, and it is convenient to perform the The associate editor coordinating the review of this manuscript and approving it for publication was Atif Iqbal. redundancy operation [11] , [12] . However, parallel inverters are unfortunately coupled with the grid due to the presence of grid impedance [13] . The coupling interactions between the inverters and the grid may cause the oscillation and aggravate the instability problems [14] .
There are there kinds of methods to improve the stability of multi-inverter grid-connected system. The first is from the perspective of equivalent circuit model [15] - [17] . References [15] , [16] proposed the harmonic mathematical model of high-frequency domain, and revealed the mechanism of high-frequency oscillation. Reference [17] established the mathematical model of fundamental frequency domain, and analyzed the coupling interactions of impedance network.
The second one is to reconstruct the grid impedance [18] . An active damper was proposed to suppress the highfrequency oscillation in [18] , which could be plug-and-play interfaced to form complete system for particular needs. However, this method requires additional hardware, which improves the cost of the system and reduces the reliability of the system [19] .
The third one is to reshape the inverter output impedance [20] , [21] . Reference [20] proposed an active damping method based on cascaded notch filter to ensure the system stability. Reference [21] used the notch filter to filter out the fundamental component of grid-connected current, and then fed back to the command current. Therefore, the high-frequency inverter output impedance was reshaped to suppress the oscillation in a certain extent. However, due to the large negative phase shift near the characteristic frequency of notch filter, the phase margin of the system is decreased, resulting in the system stability is reduced.
In this paper, a stability enhancement method by the improved notch filter is proposed for parallel grid-connected inverters. This paper is organized as follows. Section II qualitatively analyzes the oscillation reason in multi-inverter grid-connected system. Section III gives the inverter output impedance and studies the reasons for the system instability under the traditional control method. Section IV proposes the stability enhancement method by improved notch filter, comparatively analyzes the system performances between the traditional control method and proposed control method, and gives the parameters design of improved notch filter. Section V provides the experimental results to verify the validity of proposed control method. Finally, Section VI gives some conclusions.
II. QUALITATIVE ANALYSIS OF OSCILLATION REASON IN MULTI-INVERTER GRID-CONNECTED SYSTEM
The structure of multi-inverter grid-connected system is shown in Fig. 1 . The photovoltaic array and DC/DC converter are connected to the public grid through LCL-type gridconnected inverter. j = 1, 2, ··, n. Capacitor C dj , inductor L dcj and two power transistors make up the DC/DC converter. The DC-side capacitor C dcj is used to stabilize the DC-side voltage u dcj . The inverter-side inductor L 1j , filter capacitor C 1j and grid-side inductor L 2j constitute the LCL filter. R L1j and R L2j are parasitic resistances of L 1j and L 2j . u inj is the FIGURE 1. Structure of multi-inverter grid-connected system. input voltage. u C1j is the filter capacitor voltage. u PCC is the PCC voltage. u g is the grid voltage. Z g is the grid impedance. i Ldcj , i otj and i dcj are the DC-side inductor current, DC-side output current and AC-side input current. i L1j , i C1j , i oj and i g are the inverter-side inductor current, filter capacitor current, grid-side inductor current and grid-connected current.
Considering the effect of nonlinear factors such as dead-time of switching devices in the grid-connected inverter, the effect can be regarded as a controlled current source in the Norton equivalent circuit [22] . Therefore, the single inverter is equivalent to the current source i j (ideal current source i 1j and controlled current source i dj ) in parallel with equivalent admittance Y j . In addition, the grid is equivalent to the grid voltage u g in series with grid impedance Z g . Starting from the PCC, the Norton equivalent circuit of single inverter is connected in parallel, which forms the Norton equivalent circuit of multi-inverter grid-connected system, as shown in Fig. 2(a) . Moreover, the output admittance model of multi-inverter grid-connected system is shown in Fig. 2(b) . In Fig. 2(c) , the harmonic current i hj is caused by the nonlinear factors of the inverters. If the frequency of the harmonic current equals or closes to the parallel resonant frequency of impedance network, the parallel oscillation will occur. In Fig. 2(d) , the harmonic voltage u gh is introduced by the grid distortion. If the frequency of the harmonic voltage equals or closes to the series resonant frequency of impedance network, it will cause the series oscillation.
Therefore, there are two indispensable conditions for the oscillation: one is the existence of resonance network, the other is the harmonic source. Therefore, preventing harmonics from flowing into the resonance network is one of the suppression oscillation methods. 
III. TRADITIONAL OSCILLATION SUPPRESSION METHOD BY NOTCH FILTER A. BASIC PRINCIPLES OF TRADITIONAL CONTROL METHOD
The control block diagram of traditional control method by the notch filter is shown in Fig. 3 . The active current reference value i odref is obtained from the outer voltage loop, and the reactive current reference value i oqref is directly obtained from the reactive power control target. Taking the d-axis as an example, the traditional control method introduces the notch filter to the grid-side inductor current feedback, which suppresses the harmonic current of parallel inverters from flowing into the grid. In Fig. 3 , u dcrefj is the DC-side voltage reference, G u is the outer voltage loop PI controller, G i is the inner current loop PI controller, G PWM is the equivalent gain of the inverter, K j is the proportional gain, H fj is the grid-side inductor current feedback coefficient,
The effect of nonlinear factors can be regarded as the disturbance in the grid-connected inverter. The amplitude of the disturbance is constant, and the direction of the disturbance is related to the inverter-side inductor current [21] . Therefore, the disturbance signal can be regarded as the controlled current source i dj in the Norton equivalent circuit, which can be expressed as
where
− U Dj − U Tj , U Tj and U Dj are the turn-on voltage drop of the switching device and diode, T sj , t dj , t onj and t offj are the switching period, dead time, on-time and off-time of the switching device,
Ignoring the inverter losses, the power input from the system to the grid can be expressed as
where p gj is the AC-side power, u PCCd is the d-axis component of PCC voltage, and i odj is the d-axis component of gridside inductor current.
From (2), the proportional gain K j can be expressed as
where U dcj is the steady-state value of DC-side voltage.
In order to ensure that the DC-side voltage is constant, it is necessary to perform closed-loop control on the DC-side voltage u dc .
From Fig. 3 , the closed-loop transfer function of the inner current loop can be expressed as
where G cpij is the equivalent coefficient of inner current loop, and Y cpij is the equivalent admittance of inner current loop. The both can be expressed as
The equivalent control block diagram of traditional control method is shown in Fig. 4 , where Z sj is the series virtual impedance, Z sj = r 1 G N , r 1 is the proportional coefficient, and G N is the notch filter. The traditional control method is equivalent to connecting the virtual impedance in series with the inverter output impedance, which suppresses the high-frequency oscillation.
From Fig. 4 , the equivalent closed-loop transfer function of the inner current loop can be expressed as
where G cpieqj is the inner-current-loop equivalent coefficient after transformation, and Y cpieqj is the inner-current-loop equivalent admittance after transformation. The both can be expressed as
, and To achieve the same target for Fig. 4 and Fig. 3 , the current source equivalent coefficient and equivalent admittance in (7) should be designed equal to the corresponding expressions in (5), which is expressed as
From (8), the grid-side inductor current feedback coefficient H fj can be expressed as
The notch filter G N can be expressed as
where f o is the characteristic frequency (ie, the fundamental frequency), and k 1 and k 2 are the proportional coefficient, which are related to the bandwidth and notch depth of the notch filter. The Bode diagram of the notch filter G N is shown in Fig. 5 , where ω o is the characteristic angular frequency (i.e., the fundamental angular frequency), ω o = 2π f o = 2π ×50rad/s, k 1 = 5 × 10 −4 , and k 2 = 5 × 10 −1 . The bandwidth of notch filter is 50Hz and the notch depth of notch filter is -60dB. If the grid-side inductor current passes through the notch filter, the fundamental frequency component of the current will be greatly attenuated, and the other frequencies components of the current will pass almost non-destructively. The function is to extract other frequencies components except the fundamental frequency component for the impedance reshaping. However, the large negative phase shift near the characteristic frequency of notch filter is introduced, which causes the certain limitations of traditional control method. The adverse effects of the notch filter in the traditional control method on the system stability are analyzed in Section III.C. The simplified control block diagram of traditional control method is shown in Fig. 6 . As can be seen from Fig. 6 , the double closed-loop transfer function of the system can be expressed as
where G cpdj is the equivalent coefficient of the double closed loop, Z cpdj is the equivalent impedance of the double closed loop, and Z dj is the equivalent impedance of controlled current source. They can be expressed as (12) where G opdj is the loop gain of the outer voltage loop.
B. EQUIVALENT OUTPUT IMPEDANCE ANALYSIS OF TRADITIONAL CONTROL METHOD
The Bode diagrams of equivalent output impedances of traditional control method is shown in Fig. 7 . The notch filter is not introduced, abbreviated as no notch filter. The notch filter is introduced to the grid-side inductor current feedback, abbreviated as notch filter. From Fig. 7(b) , the equivalent output impedances in two cases are equivalent at the fundamental frequency, and the notch filter does not affect the fundamental current flowing into the grid. From Fig. 7(c) , the equivalent output impedance of the former case exhibits a small value at the resonant frequency, which is not conducive to suppress the resonant peak. While, the equivalent output impedance of the latter case exhibits a large value. It can effectively suppress the resonant peak and avoid the high-frequency oscillation phenomenon.
C. STABILITY ANALYSIS OF TRADITIONAL CONTROL METHOD
The effect of bandwidth of notch filter on outer voltage loop stability is shown in Fig. 8 . From Fig. 8(a) , if the ratio of k 1 and k 2 is constant, the notch depth of notch filter is the same. However, with variation of k 1 and k 2 , the bandwidth of notch filter will be changed. From Fig. 8(b) and Fig. 8(c) , the system phase margin PM1 is 44.84 • in the case of no notch filter. However, the system phase margin PM2-PM4 are reduced to approximately 25 • in the case of notch filter. In order to ensure sufficient stability of the system in the weak grid, the system phase margin is usually required from 30 • to 60 • in [8] . Therefore, this requirement cannot be satisfied in the case of notch filter. At the same time, the bandwidth of notch filter has less impact on the stability of the system. The effect of notch depth of notch filter on outer voltage loop stability is shown in Fig. 9 . From Fig. 9(a) , if the ratio of k 1 and k 2 is adjusted, the notch depth of notch filter will be changed. From Fig. 9(b) and Fig. 9(c) , the system phase margin PM1 is 44.84 • in the case of no notch filter, however, system phase margin PM2-PM4 are reduced to approximately 25 • in the case of notch filter. Therefore, the system phase margin cannot be satisfied the requirement in the weak grid in the case of notch filter. Meanwhile, the notch depth has less effect on the system stability. 
IV. PROPOSED OSCILLATION SUPPRESSION METHOD BY IMPROVED NOTCH FILTER A. BASIC PRINCIPLES OF PROPOSED CONTROL METHOD
In order to solve the problem of stability reduction caused by traditional control method, the phase deviation introduced by the notch filter should be decreased. From (10), the phase deviation G Nd can be expressed as − arctan(
From (13), if the phase deviation G Nd is expected to decrease, it will be achieved by decreasing G N (0) or increasing G N (j2πf ). It is difficult to change G N (0). Therefore, the target needs to be achieved by increasing G N (j2π f ). The realization forms of increasing G N (j2πf ) are divided into the increase of numerator phase or the decrease of denominator phase in (13) . The two realization forms are equivalent, and both can achieve the target. Therefore, the improved notch filter is proposed to decrease the denominator phase, which introduces a deviation coefficient to the denominator of notch filter. Moreover, an adjustment coefficient should be added to remain the notch depth of notch filter unchanged. So the improved notch filter G mN can be expressed as
where α is the deviation coefficient, it generally is greater than 1, and 1/α 2 is the adjustment coefficient.
The Bode diagram of improved notch filter G mN is shown in Fig. 10 . The case of notch filter is equivalent to the case of improved notch filter (α = 1.0). Therefore, as the deviation coefficient α increases, the notch depth of improved notch filter remains the same at the characteristic frequency, but the phase deviation introduced by the improved notch filter decreases. It shows that the improved notch filter can meet the proposed requirements. In addition, the advantageous effects of improved notch filter on system stability are analyzed in Section IV.C.
The control block diagram of proposed control method by the improved notch filter is shown in Fig. 11 , where H mfj is the improved grid-side inductor current feedback coefficient, which contains the improved notch filter G mN . From Fig. 11 , the closed-loop transfer function of the inner current loop can be expressed as where G mcpij is the improved equivalent coefficient of inner current loop, Y mcpij is the improved equivalent admittance of inner current loop, and i mdj is the improved controlled current source. They can be expressed as
Analogous to the derivation process of traditional control method, the improved grid-side inductor current feedback coefficient H mfj in the proposed control method can be expressed as The simplified control block diagram of proposed control method is shown in Fig. 12 . As can be seen from Fig. 12 , the double closed-loop transfer function of the system can be expressed as (18) where G mcpdj is the improved equivalent coefficient of the double closed loop, Z mcpdj is the improved equivalent impedance of the double closed loop, and Z mdj is the improved equivalent impedance of controlled current source.
They can be expressed as (19) where G mopdj is the improved loop gain of the outer voltage loop.
B. EQUIVALENT OUTPUT IMPEDANCE ANALYSIS OF PROPOSED CONTROL METHOD
The Bode diagrams of equivalent output impedances of proposed control method is shown in Fig. 13 . The improved notch filter is introduced to the grid-side inductor current feedback, abbreviated as improved notch filter. In the cases of notch filter, improved notch filter (α = 1.6) and improved notch filter (α = 2.0), it can be seen from Fig. 13(b) that the equivalent output impedances in three cases are equivalent at the fundamental frequency, and the improved notch filter has no effect on the fundamental current flowing into the grid. From Fig. 13(c) , the equivalent output impedances of three cases exhibit a large value at the resonant frequency. Therefore, the proposed control method can achieve the same purpose, which can effectively suppress harmonic currents of parallel inverters flowing into the grid and avoid the highfrequency oscillation.
C. STABILITY ANALYSIS OF PROPOSED CONTROL METHOD
The effect of deviation coefficient of improved notch filter on outer voltage loop stability is shown in Fig. 14 . In the case of notch filter, the system phase margin PM1 is 25.64 • . In the case of improved notch filter (α = 1.6), the system phase margin PM2 increases to 36.63 • . In the case of improved notch filter (α = 2.0), the system phase margin PM3 increases to 39.54 • . Therefore, the system phase margin is between 30 • and 60 • using the proposed suppression method, which satisfies the condition that the system has sufficient stability in the weak grid. At the same time, with an increase in the deviation coefficient α, the system phase margin progressively raises, and the system stability gradually VOLUME 7, 2019 is enhanced, which proves the effectiveness of the improved notch filter.
The Nyquist diagrams of the system are shown in Fig. 15 . In the cases of notch filter, improved notch filter (α = 1.6) and improved notch filter (α = 2.0), the system phase margin PM1-PM3 presents 25.64 • , 36.63 • , and 39.54 • , respectively. Therefore, the Nyquist criterion is basically consistent with the results obtained by the Bode in Fig. 14 . Using the proposed suppression method, the system has sufficient stability in the weak grid. 
V. PARAMETERS DESIGN OF IMPROVED NOTCH FILTER
The improved notch filter has four parameters: the characteristic frequency f o , proportional coefficient k 1 , proportional coefficient k 2 , and deviation coefficient α. The specific design process is as follows:
1) The selection of characteristic frequency f o : when the selected frequency away from the characteristic frequency f o , the attenuation degree is drastically reduced. Therefore, the characteristic frequency f o is set to the fundamental frequency.
2) Selection of k 1 /k 2 : in order to achieve the sufficient attenuation at the characteristic frequency f o , the notch depth of the improved notch filter is generally selected to be -60dB. The amplitude |G mN (j2π f o )| at the characteristic frequency f o can be expressed as (20) 3) Relationship between the deviation coefficient α and proportional coefficient k 2 : if the improved notch filter has a narrow bandwidth and the cut-off frequency of the system is near the characteristic frequency f o , the phase of improved notch filter at the cut-off frequency will be approximately equal to its phase at the characteristic frequency f o . Therefore, G mN (j2πf o ) is the phase of the improved notch filter at the characteristic frequency f o , which can be expressed as
The relationship between the phase G mN (j2π f o ) and deviation coefficient α is shown in Fig. 16 . As the deviation coefficient α increases with k 2 = 0.05, the phase G mN (j2πf o ) increases and approaches π/2. If the expected phase ϕ ranges from 0 to π/2, the relationship between the deviation coefficient α and proportional coefficient k 2 can be expressed as
4) The selection of proportional coefficient k 1 , proportional coefficient k 2 and deviation coefficient α: (14) can be rewritten as
where x 1 = k 1 /k 2 , and x 2 = tan(π/2-ϕ).
FIGURE 17.
Step response of improved notch filter with different deviation coefficient α.
The step response of improved notch filter with different deviation coefficient α is shown in Fig. 17 . As the deviation coefficient α increases, the undershoot gradually increases, and the adjustment time decreases little by little. Therefore, it is necessary to consider both the undershoot and adjustment time to select appropriate control parameters. If the deviation coefficient α is greater than 2.0, the undershoot is too large, so the value of α is less than or equal to 2.0.
VI. EXPERIMENTAL VERIFICATION
To verify the validity of theoretical analysis, an experimental platform for two parallel inverters system was built, as shown in Fig. 18 . The experimental platform consists of the DC/DC converters, three-phase inverters and LCL filters. The control modes and filter parameters of two inverters are the same, as shown in Table 1 .
A. IN CASE OF NO NOTCH FILTER
When two inverters are operating in parallel, the steadystate experimental waveforms of the PCC voltage u PCC and grid-connected current i g in the case of no notch filter are shown in Fig. 19 . The distortion rate of u PCC is 6.79%, and the distortion rate of i g is 12.67%. The resonant peak of i g is 4.70A, and the resonant point of i g is near the 25 th harmonic (1250Hz). Therefore, the resonant phenomenon is obvious, and the reason is that the frequency of the harmonic current is equal to the parallel resonant frequency of impedance network, resulting in the parallel oscillation.
B. STEADY-STATE OPERATION
When two parallel inverters are operating in the case of notch filter, improved notch filter (α = 1.6) and improved notch filter (α = 2.0), the steady-state experimental waveforms of the PCC voltage u PCC and grid-connected current i g are shown in Fig. 20, Fig. 21 and Fig. 22 . In addition, experimental results of the PCC voltage u PCC and grid-connected current i g in three cases mentioned above are shown in Table 2 .
In the case of notch filter from Fig. 20 , the distortion rate of u PCC is 2.15%, and the distortion rate of i g is 5.36%. The resonant peak of i g is 2.72A, and the resonant point of i g is near the 25 th harmonic (1250Hz). The reason is that the damping of the system is not sufficient, and the harmonic amplification occurs.
In the case of improved notch filter (α = 1.6) from Fig. 21 , the distortion rate of u PCC is 1.30%, and the distortion rate of i g is 2.40%. The resonant peak of i g is 0.98A, and the resonant point of i g is near the 25 th harmonic (1250Hz). In the case of improved notch filter (α = 2.0) from Fig. 22 , the distortion rate of u PCC is 1.26%, and the distortion rate of i g is 2.14%. The resonant peak of i g is 0.82A, and the resonant point of i g is near the 25 th harmonic (1250Hz). Due to the introduction of sufficient damping in the impedance network, the system can operate stably in the two cases mentioned above. 
C. DYNAMIC OPERATION
When two inverters are operating in parallel, the root mean square (RMS) value of reference grid-side inductor current i oj ref increases from 18.75A to 37.5A for each grid-connected inverter. Therefore, the RMS of reference grid-connected current i gref raises from 37.5A to 75A. In the cases of notch filter, improved notch filter (α = 1.6) and improved notch filter (α = 2.0), experimental waveforms of PCC voltage u PCC and grid-connected current i g during reference current transient are shown in Fig. 23, Fig. 24 and Fig. 25 . Moreover, experimental results of the overshoot and adjustment time of grid-connected current i g in three cases mentioned above are shown in Table 3 .
VII. CONCLUSION
In order to solve the problem of stability reduction caused by traditional control method, a stability enhancement method by the improved notch filter is proposed for parallel grid-connected inverters. The conclusions are summarized as following.
I) The proposed control method can change the impedance properties of the grid-connected inverter. It effectively restrains parallel inverters' harmonic current into the grid, and avoids the high-frequency oscillation of impedance network. Moreover, it can improve the phase margin of the system, and ensure the sufficient stability of the system in the weak grid.
II) Considering the notch depth and dynamic performance of improved notch filter, the appropriate control parameters are selected. It provides guidelines for the design of improved notch filter.
